Essential protectors against infection and injury, macrophages can also contribute to many common and fatal diseases. Here we discuss the mechanisms that control different types of macrophage activities in mice. We follow the cells' maturational pathways over time and space, and elaborate on events that influence the type of macrophage eventually settling a particular destination. The nature of the precursor cells, developmental niches, tissues, environmental cues, and other connecting processes appear to contribute to the identity of macrophage type. Together, the spatial and developmental relationships of macrophages comprise a topo-ontogenic map that can guide our understanding of their biology.
Introduction
The discovery that macrophages are among the immune system's most important defenders dates back to 1882, when the biologist Ellie Metchnikoff undertook light microscopic studies in starfish larvae and identified wandering cells that could accumulate in sites of infection and eliminate incoming foreign material 1 . Macrophages were soon identified in other species, including humans and mice, and were shown to protect the host by controlling infection and by mediating the repair and healing of injured tissues. We now know that macrophages can also be harmful by contributing to the development and progression of many deadly diseases. Macrophages are therefore being studied in considerable detail to clarify how protective and deleterious responses occur in vivo.
One line of investigation consists of revealing macrophage ontogeny and the spatiotemporal dynamics of the responses they mediate. This information allows not only to delineate more precisely where, when and how defined types of macrophage responses unfold at the organismal level but also to identify new vantage points for therapy. Here we discuss the diverse origins and developmental progression of tissue macrophages. By following these cells along their maturational pathway, we review what determines the type of macrophage response that eventually reaches the destination tissue. We present mechanistic information on the spatiotemporal dynamics of macrophage and macrophage precursor development, primarily in the context of inflammatory conditions; elaborate on the role of extramedullary monocytopoiesis as an additional pathway that generates macrophages; identify research areas that require further exploration; and illustrate the capacity to translate some of the new findings into therapeutic options. The molecular tools currently available for studying 2 and imaging 3 macrophages and their progenitors are reviewed elsewhere.
Macrophages and their progenitors: terminology and relationships
Macrophages are large white blood cells that inhabit most tissues of the body. Macrophages can identify either pathogens or cellular stress using pattern recognition receptors; 4 engulf solid particles (e.g., foreign material, dying cells) in a process called phagocytosis; 5, 6 and control inflammatory responses and tissue homeostasis by producing cytokines, growth factors, proteases, and other products 7 . Transcriptional profiling of various tissue macrophages has revealed common features, such as the expression of MerTK and CD64. 8 Although macrophages differ from each other in the expression of other markers (F4/80, for example is expressed at high levels in peritoneal macrophages but not in microglia), they are nevertheless, as a group, distinct from dendritic cells (DC). Compared to macrophages, DC are, perhaps simplistically, specialized mononuclear phagocytes that prime CD4 + and CD8 + T cells and/or produce antiviral compounds such as type-I interferons. [9] [10] [11] Recently, a cluster of exciting studies have been deciphering how macrophages and DC differ from each other developmentally, phenotypically, and functionally. [12] [13] [14] [15] [16] [17] In this review we will focus mainly on macrophages, as defined below.
Macrophages found in resting adult tissues derive either from circulating monocytes (e.g. macrophages in the gut and splenic marginal zone) [18] [19] [20] or are established prior to birth (e.g. brain microglia, liver Kupffer cells, cardiac macrophages, and other macrophages that reside in the lungs, spleen, bone marrow, and peritoneal cavity) and are then maintained independently of monocytes. 18, 19, [21] [22] [23] [24] [25] [26] [27] [28] The latter macrophages derive from either primitive yolk-sac macrophages or embryonic fetal liver monocytes and are maintained during adult life at least in part through local proliferation. An examination of macrophage ontogeny using mice deficient in the transcription factors PU.1 and Myb provided a molecular rationale for the dual origin of tissue macrophages. Myb, which is essential for HSC expansion in the fetal liver, 29 is dispensable to the production of many tissue macrophages, revealing Myb-independent macrophages as a lineage separate from HSCs. 23 Future studies will need to carefully evaluate the relative contribution of fetal liver monocytes and yolk sac-derived macrophages in populating macrophages in various adult tissues (although microglia are yolk sac-derived, while Langerhans cells and alveolar macrophages arise from fetal monocytes, the origin of macrophages in other tissues has not yet been entirely solved). In diseased tissues, macrophage number often expands dramatically. Disruption of tissue macrophage homeostasis can be triggered by local amplification of resident macrophages [30] [31] [32] but often involves recruitment of newly made circulating monocytes. 24, 28, [32] [33] [34] [35] [36] To highlight how inflammatory triggers deregulate macrophage ontogenic pathways, we consider not only circulating monocytes but also their hematopoietic stem cell (HSC) precursors. HSCs are pluripotent cells found in specialized niches of the bone marrow where they produce discrete intermediate progenitor populations (Fig. 1) . The known intermediates of HSC-derived macrophages-common myeloid progenitors (CMPs), 37 granulocyte and macrophage progenitors (GMPs), 38 macrophage and dendritic cell progenitors (MDPs) 39, 40 and common monocyte progenitor (CMoPs) 41 -progressively lose self-renewing capacity and become increasingly restricted to the mononuclear phagocyte lineage. When combined operationally, HSCs and hematopoietic progenitor cells are often referred to as HSPCs (hematopoietic stem and progenitor cells).
Production of HSC-derived monocytes in bone marrow
The bone marrow niche
The bone marrow, protected by bone and comprised of various cell types, is the primary hematopoietic site in the adult (Fig. 2) . Within the bone marrow, HSCs and their progeny inhabit specialized microenvironments, or niches. Supporting cells include nestin + mesenchymal stem cells (MSCs), osteoblasts, CXCL12-abundant reticular (CAR) cells, CD169 + macrophages, neurons, T regulatory lymphocytes, endothelial and perivascular cells, among others. Aside from providing structural support, these accessory cells release factors and express cell surface proteins that regulate HSC's retention and maintenance. Instructive cytokines and growth factors guide HSCs along their differentiation paths (reviewed in Refs. [42] [43] [44] , whereas final cell fate decisions are orchestrated by transcription factors. [45] [46] [47] [48] More detailed information on the bone marrow niche and its constituents is discussed elsewhere. 42, [49] [50] [51] [52] 
Monocyte production in steady state
Histological studies indicate that early myeloid progenitors appear in a defined anatomical region of the bone marrow that is near the surface of bony trabeculae and small blood vessels 53 . Genetic mouse studies report that myeloid commitment and monocyte production require the growth factor CSF-1 and its receptor (CSF-1R, CD115), 54, 55 and elegant in vivo fate mapping approaches have described a HSC → GMP → MDP → monocyte relationship. 39, 40, 56 A longitudinal in vitro bio-imaging approach further indicated that CSF-1 instructs, rather than permits, commitment of GMPs to the mononuclear phagocyte lineage. 43 More recently it was found that CSF-1 directly induces PU.1 in HSCs, which instructs these cells to become myeloid cells independently of survival or proliferation 57 ( Fig. 2) . Additionally, because CSF-1-mediated activation of the intracellular lineage commitment machinery is antagonized by the transcription factor MafB, 44 conditions that repress MafB expression are expected to promote monocytopoiesis. Subsequent decisions between cell types, such as neutrophils and monocytes, also depend on graded expression of transcription factors. 58 Yet, more studies are needed to fully characterize the complexity of niche factors that may either permit or instruct monocyte commitment in vivo. Receptors such as CX3CR1 and CCR2 (in addition to CSF-1R), which are expressed by monocytes and their most immediate precursors, may also be involved in this process.
Monocyte production in disease
Bone marrow niches continuously produce monocytes in the steady-state, but are dynamic microenvironments that can further adapt in response to specific demand imposed by particular states of inflammation. In vivo studies are now starting to elucidate how niches change during disease and, in turn, how these changes affect HSPC responses and monocyte production. For example, IFN-γ produced in response to chronic infection can induce longterm HSCs to proliferate in bone marrow and, by doing so, amplify a hematological response. 59 Toll-like receptors (TLRs) are expressed by HSCs, and TLR ligation has been proposed to induce HSC proliferation and skew their differentiation toward the myeloid lineage. 60 Since the bone marrow is often far away from an affected organ, long-range signals that stimulate monocyte production must exist. The sympathetic nervous system (SNS) was recently identified as a source of signals that control CXCL12 secretion by mesenchymal stem cells (MSCs) in bone marrow and HSC retention in steady-state 61 and disease. 62 Mesenchymal cells interconnect with connexin gap junctions, which may serve to propagate SNS-derived information beyond contacts of innervation. 63 Other regulatory components may include soluble factors, microvesicles, and cells that can access specific niche microenvironments to deliver information.
The importance in understanding the mechanisms that regulate bone marrow cell production in disease is reinforced by recent observations that diseases may cause dysfunctional bone marrow hematopoietic activity, and inversely that niche dysfunction might predispose an organism to disease. For instance, diabetes can alter the composition of stromal niche component and impair G-CSF-mediated progenitor cell mobilization. 64 While the systemwide impact of these effects still needs to be elucidated, it is conceivable that they influence disease progression and promote the manifold inflammatory complications of diabetes. Additionally, mice that lack the retinoic acid receptor gamma selectively in nonhematopoietic cells have increased bone marrow GMPs and develop myeloproliferative syndromes. 65 Though the nonhematopoietic components involved are not fully defined, these findings suggest that regulation of myeloid cell production may not necessarily be intrinsic to hematopoietic cells.
Monocyte heterogeneity
Monocytes produced by the bone marrow and found in the circulation are phenotypically and functionally heterogenous and can be separated according to Ly-6C expression in mice. Development of the two monocyte subsets involves conversion of Ly-6C hi to Ly-6C lo cells, a process that was first proposed in 2004 66 , and subsequently substantiated. 19 Nur77, a transcription factor without which Ly-6C lo monocytes do not develop, 67 and miR-146a, a microRNA expressed at higher levels in Ly-6C lo monocytes, 68 may be involved in subset fate decisions (Fig 2) .
In the steady-state, Ly-6C lo monocytes patrol the resting vasculature 69, 70 and participate in clearing damaged endothelial cells, 71 whereas Ly-6C hi monocytes circulate, survey tissues in the steady state without differentiating, transport antigen to lymph nodes, 72 and convert into Ly-6C lo monocytes. 19 During inflammation, Ly-6C hi monocytes differentiate to macrophages or dendritic cells in tissue. 24, 32, 35, 36, [73] [74] [75] [76] [77] A large population of both subsets also remains undifferentiated in the splenic red pulp parenchyma, is organized in clusters along the perimeter of the organ and constitutes a monocyte reservoir 78, 79 (Fig. 1 ). These cells are called monocytes, rather than macrophages or DCs, because they resemble blood monocytes morphologically, phenotypically, and functionally, and can be mobilized during inflammation to produce macrophages in distant tissues. During inflammation, Ly-6C hi monocytes, and to a lesser extent Ly-6C lo monocytes, can be efficiently mobilized to sites of inflammation. The human spleen also likely contains an important monocyte reservoir that can be mobilized in various disease settings. 62, 74, 80 Additionally, the spleen may serve to clear senescent monocytes.
Alternative to bone marrow for monocyte production HSPCs circulate
In 1968 van Furth and Cohn proposed that macrophages arise in tissue from bone marrowderived circulating monocytes in the healthy adult. 81 This macrophage development model has dominated our thinking over the last 40 years and implies that the key differentiation steps (progenitor to monocyte and monocyte to macrophage) are fixed in specific environments, such as bone marrow and peripheral tissue. We have also known since 1962 that HSCs circulate 82 ( Fig 3A) . Using various methods, Goodman and Hodgson showed that peripheral blood contains cells which differentiate into lymphocytes, granulocytes and erythrocytes upon transplantation in lethally irradiated hosts. The presence of hematopoietic progenitors in the blood suggested that the linear model proposed by van Furth and Cohn, though useful, was probably an oversimplification.
Fate of extramedullary HSPCs
The bone marrow niche is a protected environment containing various components that shield HSPCs from danger. 42, 83, 84 The extramedullary environment is more hostile because it contains populations of scavenging macrophages that can eliminate circulating HSPCs. Mobilized HSPCs prepare for such an environment by upregulating CD47, 85 a "don't eat me" signal that protects them from phagocytosis. Elegant studies in 2001 showed that circulating HSCs are long-lived and can re-engraft bone marrow niches. 86 The finding was consistent with the idea that recirculation maintains hematopoietic hemostasis by ensuring that medullary niches remain occupied after HSC death or differentiation. HSPC release from the bone marrow depends in part on circadian oscillations 61 ( Fig 3A) and boneremodeling activity is highest when HSC numbers in peripheral blood are high. 87 Thus, reconstruction of bone marrow niches may require temporal HSC evacuation. 88 The migratory pool of HSPCs has also been proposed to function as a cell population that can be immediately recruited for extramedullary hematopoiesis "after catastrophic blood loss". 86 Circulating HSPCs express Toll-like receptors and can presumably respond to danger signals before the information has spread to the bone marrow. 89 A subset of HSPCs also expresses CCR2, which can guide the cells to sites of inflammation. 90 While the evidence supporting the rapid differentiation of HSPC to macrophages in inflamed tissue requires substantiation, a fraction of HSPC-derived cells seeding non-lymphoid tissue nevertheless amplify the monocytic/granulocytic marker Gr-1.
Extramedullary monocytopoiesis
Circulating HSPCs can produce macrophage precursors outside of the bone marrow. The existence of extramedullary hematopoiesis has been recognized for a long time. In the developing mouse embryo, definitive hematopoiesis begins in the para-aortic splanchnopleura and the aorto-gonado-mesonephros regions before it switches to the liver and finally the bone marrow, 91 whereas in adults, the spleen supports hematopoiesis under specific conditions in mice and humans. 92, 93 Recent work shows that extramedullary hematopoiesis in the adult is a feature of inflammation ( Fig. 3A and 3B ). Very few HSPCs inhabit the spleen in steady-state, but during inflammation, the spleen becomes myelopoietic. It is likely that exogenous cues at least partially reprogram HSPCs to promote extramedullary hematopoiesis. For instance, sensing of the peptide hormone angiotensin (Ang) II by angiotensis receptor I (AT-1) on the surface of HSCPs downregulates sphingosine-1 phosphate receptor 1 (S1P1) expression in these cells. This process increases HSPC retention in the spleen, presumably in part because it impairs HSPC migration toward S1P1 ligand S1P, which is found in high concentrations in peripheral blood. Splenic monocytopoiesis mediated by Ang II depends on S1P1 signaling because HSCs that constitutively express S1P1 fail to produce monocytes in the extramedullary tissue. 94 In mouse models of atherosclerosis, 95, 96 myocardial infarction, 62, 97 and cancer, 74, 98, 99 for example, HSPCs progressively populate the splenic red pulp and generate monocytes. Newly made cells may not only supplement the local monocyte reservoir but also exit and infiltrate distant sites (growing atheromata, ischemic myocardium, and tumor, respectively) where they contribute large numbers of macrophages.
Functions of monocytes produced in extramedullary tissue
Because spleen-derived monocytes are predominantly a product of inflammation, and thus develop in a milieu distinct from the steady state, it stands to reason that they differ from bone marrow-derived monocytes produced in the steady state. A recent study indicates that myocardial infarction liberates bone marrow HSCs, which seed the spleen to produce Ly-6C hi monocytes. Splenic monocytes then relocate to atherosclerotic plaques, differentiate to lesional macrophages, and accelerate atherosclerosis. 62 Transcriptional profiling of splenic and medullary monocytes in atherosclerotic mice after myocardial infarction suggested several differences. Among them, expression of the inflammatory cytokine IL-1β, as well as other members of the IL-1 superfamily (IL-1a, IL-18), was higher in monocytes of splenic origin compared to those retrieved from the bone marrow 62 . Accordingly, Ly-6C hi monocytes recruited to atherosclerotic plaques after myocardial infarction showed increased expression of these genes. Recent studies have also shown that monocytes of splenic origin accumulate in the heart and induce long-term left ventricular dilatation, dysfunction, and fibrosis. 100 In other conditions, monocytic cells produced in the spleen during tumor progression selectively tolerize memory CD8 + T cells to tumor antigens. 98 These data suggest that inflammation is not merely a heightened steady-state: it can transform the spleen towards a site of hematopoiesis, producing monocytes with unique functions. Monocyte functional heterogeneity, it therefore appears, depends on the generative environment. A precise understanding of the distinctions that exist between medullary and extramedullary monocytes requires further study. The existence of similar extramedullary activity in humans 62, 74 is discussed in more details elsewhere. 79 
Triggers of extramedullary monocyte production
Inflammation changes the spleen to favor seeding of HSPCs for hematopoiesis. Several factors that promote such activity have been identified. HSPCs express the common beta chain of the granulocyte-macrophage colony stimulating factor (GM-CSF) and IL-3 receptor (CD131), and the IL-1β receptor, among others. During atherosclerosis, GM-CSF and IL-3-expressing cells appear in the spleen. Injection of antibodies against the growth factors reduces extramedullary monocytopoiesis and blood monocytosis. 95 After myocardial infarction, GM-CSF in the spleen remains unchanged, but IL-1β levels rise. 97 Accordingly, adoptively transferred HSPCs lacking the IL-1 receptor are impaired in generating extramedullary monocytes compared to their wild type controls. 97 These approaches suggest the existence of a specific splenic niche, rich in GM-CSF, IL-3 or IL-1β. Characterization of the functional relevance of this niche will benefit from the development of tools that can target candidate niche components exclusively in the spleen (i.e., development of Creexpression under spleen-specific promoters to delete a floxed factor of choice from the spleen specifically).
Monocyte mobilization to destination tissue
The mobilization of monocytes from the bone marrow or spleen is a controlled process. In order to leave the bone marrow, Ly-6C hi monocytes require the chemokine receptor CCR2, 101, 102 which recognizes MCP-1 and MCP-3, two chemokines that are produced by medullary MSCs and CAR cells and secreted close to (and perhaps into) the lumen. 103 Mobilization of monocytes from extramedullary sites such as the spleen, however, is independent of CCR2 and instead relies on the peptide hormone angiotensin II (Fig. 4) . These observations suggest that spleen does not only make distinct monocytic cells, but is also sensitive to different cues for monocyte mobilization. The hormone releases splenic Ly-6C hi and Ly-6C lo monocytes indiscriminately. 78 Because the inflammatory response is coordinated by a large range of compounds that form complex regulatory networks, it should be useful to identify more comprehensively the molecular mechanisms that orchestrate monocyte release from either bone marrow or spleen and then assess whether these mechanisms can be prevented or promoted therapeutically. Once mobilized, circulating monocytes can enter peripheral tissue. To reach their target, circulating cells extravasate in a complex process that includes capture, rolling, arrest, adhesion, crawling, and transendothelial migration. 35, 104 The destination tissue faces a dynamically shifting and heterogeneous repertoire of circulating cells, and controls cell entry.
Regulation of monocyte recruitment
Monocyte subsets express chemokine receptors differentially: Ly-6C hi cells are CCR2 hi CX3CR1 lo CCR5 + whereas Ly-6C lo cells are CCR2 − CX3CR1 hi CCR5 + . Destination tissue that expresses MCP-1, the ligand for CCR2, thus attracts Ly-6C hi monocytes, whereas tissue expressing the ligand for CX3CR1, fractalkine, attracts Ly-6C lo monocytes. In atherosclerosis, Ly-6C hi monocytes infiltrate lesions preferentially, 75, 105 and inhibition of CCR2, CX3CR1, and CCR5 almost abolishes atherosclerosis, presumably by interfering with monocyte infiltration. 106, 107 Primary and metastatic tumor sites also recruit Ly-6C hi monocytes. Such recruitment depends largely on MCP-1/CCR2 signaling. 74, 108 Accordingly, MCP-1 over-expression accelerates macrophage recruitment and tumor progression in animal models and associates with poor prognosis in many human cancer types. 109 The number of circulating inflammatory Ly-6C hi (but not Ly-6C lo ) monocytes, as well as the recruitment of these cells to tissues, is also controlled by the circadian clock gene Bmal1. In Ly-6C hi monocytes, Bmal1 binds rhythmically to the promoter regions of MCP-1 and MCP-2 and silences these loci by recruiting the histone methyltransferase enhancer of zest homolog 2 (EZH2). The circadian oscillation selectively increases the capacity of monocytes to infiltrate tissues during the animal's active phase, which may be useful in anticipation of environmental challenges. 110 Enhanced sensitivity to detect and respond to pathogens during the active phase has also been shown for splenic macrophages. 111, 112 Fates of recruited monocytes Ly-6C hi monocytes accumulate in inflammatory sites where they often differentiate to M1-like macrophages characterized by the expression of IL-12, TNF-α, NOS2, proteases and MHC class II. Accordingly, acute responses mediated by these cells control intracellular pathogens, 35 digest damaged tissue 113 and activate adaptive immunity in lymph nodes, 77 and accelerate inflammatory diseases as described above. As the tissue changes, so does the fate of recruited monocytes. For example, Ly-6C hi monocytes recruited to sites of infection with Toxoplasma gondii acquire an immunosuppressive phenotype associated with production of the lipid mediator prostrangladin E2 and inhibit neutrophil activation. 114 However, Ly-6C hi monocytes that seed the intestinal lamina propria give rise to distinct types of macrophages depending on the tissue's inflammatory status: whereas in a healthy host these cells contribute to gut homeostasis, in an inflamed environment the same cells become responsive to bacterial products and differentiate into pro-inflammatory effector cells. 76 There is also evidence that Ly-6C hi monocytes can be reprogrammed in tissue to acquire proangiogenic capabilities. 115 The fate of Ly-6C lo monocytes is less well understood. On the one hand, Ly-6C lo monocytes have been suggested to participate in the resolution of inflammation, 113 but accumulating evidence suggests that this subset functions principally as a blood macrophage. 71 The molecular determinants of macrophage diversity are reviewed in detail elsewhere. 116, 117 
Macrophage proliferation
Studies conducted almost 30 years ago concluded that in steady-state one half of splenic macrophages is continuously replenished by the circulation, whereas the other half is maintained locally. 118 Interestingly, at least some macrophages and DCs can self renew, for example, in the skin, 119,120 brain 1,21 and atherosclerotic lesion, 122, 123 but circulating monocytes can also renew macrophages and DCs in these sites. 36, 75, 124 Evidence that macrophage proliferation can dominate macrophage renewal has recently received considerable attention. The observation that pleural macrophages increase in number through proliferation rather than monocyte recruitment in response to the helminth Litomosoides sigmodontis 30 (Fig. 5) challenged the long-held belief in an inverse relationship between cell maturation/differentiation and cell proliferation/renewal 125 . Macrophage proliferation in tissue is not exclusive to monocyte-independent, tissue macrophages, however. Although it has been appreciated for many years that macrophages in atherosclerotic lesions proliferate, possibly by recognizing oxidized lipoproteins, 126 a recent study using fate-mapping approaches has concluded that renewal of monocytederived lesional macrophages is a major mechanism in established disease. 32 An increasing number of studies have concluded that local macrophage proliferation is a major mechanism of macrophage renewal, regardless of initial orgin (i.e., hematopoietic or embryonic). 28, 33, 34, 127 Macrophage functional diversity: the immune system and beyond
The biological activities of monocyte-derived macrophages are relatively well characterized, e.g. with Ly-6C hi cells being recognized as the main drivers of classical inflammation as discussed above. The relevance of other macrophage types requires further study, although recent findings indicate that their functions are distinct from monocyte-derived macrophages.
Type-2 inflammation mediated by resident macrophages
IL-4 is a prototypical Th2 cytokine that has been used extensively in vitro to polarize macrophages into an alternative (type 2) phenotype. Recent evidence indicates that this cytokine controls the macrophage response in vivo in an unexpected manner. Specifically, in a model of helminth infection (L. sigmodontis), IL-4 drives a type 2 macrophage response in the pleural cavity 30 . The response requires macrophage-intrinsic IL-4R signaling 31 and involves local amplification of tissue-resident macrophages. This process can occur without recruitment of Ly-6C hi monocytes. Consequently, this finding illustrates that the respective involvement of tissue-residence macrophages or infiltrating monocytes can trigger divergent responses in tissue. It is possible that the absence of Ly-6C hi monocytes, which would exhibit potentially damaging (type 1) effector functions, is required for efficient (type 2) parasite sequestration.
Tissue-specific functions supported by resident macrophages
Macrophages that inhabit organs throughout life may participate in tissue-specific functions. In favor of this hypothesis, a study indicates that alternatively activated macrophages are central regulators of adaptive thermogenesis in adipose tissue 128 . The study unexpectedly shows that exposure to cold promotes alternative activation of adipose tissue macrophages (but not other macrophages in the body) and that this process is necessary to maintain body temperature. The macrophage response, which depends on IL-4 signaling, involves thermogenic gene expression in brown adipose tissue and lipolysis in white adipose tissue. Considering the kinetics of the response, adaptive thermogenesis is mediated by tissueresident macrophages and does not depend on recruitment of circulating monocytes. Recent studies have also shown that obesity activates a program of lysosomal biogenesis associated with lipid catabolism but not classic macrophage activation 129 . Other evidence suggests that macrophages and IL-4 regulate learning and memory in the meninges 130 . The source of IL-4 and the precise origin of these macrophages (HSC-derived versus HSC-independent tissueresident macrophages) remain unknown.
New therapeutic targets in macrophage pathways
The growing appreciation that macrophages are heterogeneous functionally and developmentally has therapeutic implications. Because macrophages are central immune protectors, it is not feasible to entirely deplete them. However, depleting particular populations that cause harm may be a strategy for combatting diseases such as atherosclerosis and cancer. 131 These diseases in particular claim >25 million deaths and cost the global economy nearly 2 trillion dollars each year. Thus, ongoing efforts aim to define clinically beneficial therapies that target macrophages and associated mononuclear phagocytes.
Below we present selected examples of drugs that can tailor or "re-program" macrophage responses and thereby improve outcome in mice. These drugs attack cells at different developmental stages, from HSC to macrophage (Fig. 6) . The motivation for targeting HSCs and macrophage progenitors-rather than macrophages themselves-is based on evidence that inflammatory macrophages in diseased tissue are often short lived and continuously replaced by circulating precursors. 74, 95, 97, 132, 133 Drugs that control macrophage precursors at their source-i.e., upstream of powerful amplification programs-may represent relevant anti-inflammatory therapeutics, provided that they do not produce undesirable side effects on non-macrophage lineage descendants or other cell types. Alternatively, drugs may also control tissue resident macrophages that are maintained, e.g. through local proliferation.
Interfering with tissue macrophages
Researchers are evaluating many drugs' potential to reduce macrophage activity within diseased tissue (Fig. 6 ). For example, CSF-1R inhibitors 134 and agonist CD40 antibodies 135 may re-program tissue macrophages in ways that enhance their killing activity; COX-2 inhibitors may suppress enzymatic reactions that trigger inflammation mediated by macrophages, 136 anti-IL-4 treatment may suppress alternative macrophage activation and type-2 inflammation; anti-VEGF and anti-PIGF therapies may inhibit angiogenesis, a process driven at least in part by macrophages; 137 and antagonist IL-1b antibodies may dampen inflammatory reactions contributed by macrophages. 138 Studies are also required to determine how interfering with macrophage proliferation affects disease progression. For example, delivery of the anti-proliferative agent 5-FU attenuates monocyte production, and macrophage proliferation, and decreases atherosclerosis. 32 Other candidates include interfering with IL-4, 30, 31 SR-A, 32 or CSF-1. 139 
Interfering with monocyte recruitment to tissue
Genetic studies have demonstrated that recruitment of Ly-6C hi monocytes into inflamed tissue frequently involves CCR2 signaling, 101, 140 while Ly-6C lo monocyte trafficking depends on other molecules. Targeting CCR2 or its ligand MCP-1 may therefore selectively control inflammatory monocytes. Different strategies are being considered to achieve this goal. They include the use of small molecule inhibitors, 141 antibodies, 108 and short interfering RNA (siRNA) encapsulated in nanoparticles 142 (Fig. 6 ). For example, intravenously injecting nanoparticles that incorporate siCCR2 can systemically silence CCR2 expression in Ly-6C hi monocytes. Such treatment limits monocytes' capacity to accumulate in CCL2-producing tissues (e.g., ischemic myocardium, atherosclerotic plaque, tumor stroma) and delays disease progression. 74, 142 The ability to deliver siRNA to immune cells in vivo should also open the possibility of "surgically" silencing multiple target proteins that drive disease-promoting responses.
Interfering with monocyte mobilization from (extra)medullary tissue
Angiotensin II is a hormone that induces monocyte migration by binding to the AGTR1A receptor. Angiotensin II/AGTR1A signaling regulates inflammation by controlling the deployment of splenic (but not bone marrow) monocytes. 78 Conversely, preventing angiotensin II production using an angiotensin converting enzyme inhibitor (ACEi) is sufficient to arrest the release of monocytes from the splenic reservoir and, in turn, to improve healing after myocardial infarction 143 (Fig. 6 ). Because angiotensin II receptor blockers (ARB) typically antagonize angiotensin II/AGTR1A signaling, their capacity to prevent the mobilization of reservoir monocytes should also be considered. Although both ACEi and ARB are used clinically to treat high blood pressure, the newly described effect of angiotensin II on monocyte mobilization indicates that these drugs may also be useful in treating other diseases. CCR2 signaling promotes the exit of bone marrow (but not splenic) Ly-6C hi monocytes. 101 Drugs that interfere with CCR2 signaling (see above) are expected to prevent not only the recruitment of circulating monocytes to MCP-1-producing tissues but also the mobilization of bone marrow monocytes into circulation.
Interfering with monocyte production
The cytokine CSF-1 regulates the amplification and differentiation of myeloid progenitors in bone marrow. 139 Pharmacologic blockade of CSF-1 signaling is being tested both in animal models and human patients with cancer and other inflammatory diseases. Such research considers several classes of agents, including CSF-1R protein tyrosine kinase activity inhibitors (GW2580, Gleevec, PLX3397) and CSF-1/CSF1-R interaction antagonists 144 (Fig  6) . Recent studies indicate that targeting CSF-1 signaling restrains the tumor-associated macrophage response and consequently delays metastatic progression of breast cancer. 145 Unfortunately, suppressing CSF-1 signaling can have deleterious effects. For example, treatment with anti-CSF-1R antibodies in a transplantation model reduces the pool of macrophages and precipitates graft-versus-host disease (GVHD). In contrast, exogenous administration of CSF-1 expands macrophages and inhibits GVHD. 146 Collectively, these observations indicate that therapeutic inhibition or activation of CSF-1R signaling can efficiently modulate macrophage responses in vivo; however, the possible benefit of such treatments will remain context-dependent. CSF-1 antagonists may also alter macrophage activation and survival in tissue. Treatment with ACEi has also been shown to maintain high S1P1 levels on the surface of HSPCs; this is associated with a decreased ability of these cells to accumulate in extramedullary tissues and to produce monocyte progeny 94 . Thus ACEi may strongly inhibit inflammatory macrophage amplification in tissue by interfering with both monocyte production and (see above) from extramedullary tissue.
Interfering with HSPC mobilization
Catecholamine signaling between the sympathetic nervous system and mesenchymal stem cells controls HSPC liberation from the bone marrow niche. 61, 147 Conversely, blocking catecholamine signaling by administering a β 3 receptor antagonist (SR 59230A) prevents the liberation of bone marrow HSPC after myocardial infarction and consequently decreases both extramedullary monocyte production and macrophage accumulation in atherosclerotic plaques 62 (Fig. 5) . β-Blockers are used widely in managing cardiovascular disease in humans, but these agents typically have higher affinity for the β 1 or β 2 receptors. Future studies should define what role (if any) different β receptors exert on the hematopoietic response and whether β 3 receptor antagonists may more potently restrain inflammatory macrophage responses in cardiovascular and other diseases.
Impact of cytotoxic drugs
Chemotherapeutic agents were originally designed as anti-proliferative agents against carcinoma cells. Some of them also act as myeloablative agents by interfering with proliferating HSCs and myeloid progenitors in bone marrow (Fig. 6 ). Conceivably, this side effect should reduce the number of lineage-descendant tissue macrophages. A recent study showed, however, that administering the mitotic inhibitor paclitaxel increases the number of tumor-associated macrophages in both genetic mouse models and human patients with cancer. 145 The drug-induced macrophages likely promotes tumor progression because blocking macrophage recruitment with a CSF-1R antagonist (in combination with paclitaxel) ameliorates treatment efficacy. The mechanisms behind this enhanced macrophage activity are currently unknown. Yet, some cytotoxic drugs-including paclitaxel-mobilize bone marrow HSPCs which then remain functionally active in the periphery 148 . It is plausible that drug-induced circulating HSPCs produce cell progeny in extramedullary tissue and consequently propagate the macrophage response in diseased tissue. Future studies should ascertain drugs' effects on individual cell types and in discrete locations in vivo. Such findings may serve to redefine widely applicable therapeutic approaches since cytotoxic drugs remain the most commonly used treatment modalities for cancer patients.
Conclusion
Recent studies have shown that macrophage precursors can be produced in and outside the bone marrow; that cells produced in medullary and extramedullary tissue differ; that diseases can co-opt macrophage production at different stages; and that pathologic progenitor responses may be targeted therapeutically. Yet, some fundamental questions remain unanswered. For example, the diversity of accessory cells and the number of possible interactions between HSPCs and their immediate microenvironment suggest that bone marrow niches can be heterogenous and transformable already in steady-state. However the in vivo microenvironments that produce monocytes require identification. We also know remarkably little about how bone marrow niches change during disease and, in turn, how these changes affect HSPC responses and monocyte production. Similarly, extramedullary niches assemble only during inflammation and are likely compositionally divergent from bone marrow niches, but their precise composition remains unknown. Recent studies also indicate that disease causes niche dysfunction 64 and, inversely, that niche dysfunction may predispose to disease. 65 Yet, the mode of communication between diseased sites and macrophage production sites remain unclear. Unless the disease affects the bone marrow and spleen, these production sites are away from an affected organ. Long-range signals that stimulate monocyte production must therefore exist. Candidates include the sympathetic nervous system (SNS) 61, 62 or any regulatory components (soluble factors, microvesicles and cells) that can access niche microenvironments to deliver information. Additionally, diseased tissues continuously replace large populations of macrophages. These cells conceivably die locally or leave, yet both options remain largely unstudied. Remnants of dead macrophages might be removed by other phagocytes and "recycled" within the tissue, whereas live cells might relocate to die elsewhere or to transfer information to distant sites. In addition, some circulating myeloid cells can migrate back and forth across the endothelial and pericyte layers 149, 150 and therefore enter and leave tissue without differentiating. The consequences for such cell behavior are unknown and, again, may involve transfer of information between tissues. An increasingly sophisticated understanding of macrophage biology will serve as the foundation for the development of efficient treatment strategies likely employing drug combinations that target multiple pathways. The next decade will certainly see our increasing knowledge on macrophage biology as well as the identification of more agents that reprogram deleterious macrophage responses without compromising the cells' protective actions. Topo-ontogenic map of macrophages and their progenitors in steady state. HSCs in bone marrow produce discrete intermediate progenitor populations, which increasingly lose selfrenewing capacity as they commit to a given lineage. HSC-derived monocytes are found in circulation and in a splenic reservoir and can renew macrophages upon tissue extravasation. Some tissue macrophages develop in the embryo (yolk sac) before the appearance of HSCs and are maintained independently from the bone marrow. Monocyte production in bone marrow. Working model describing how long-term HSCs may produce monocytes in vivo. Several exogenous cells and soluble factors promote the retention and self-renewal/survival of HSCs (presumably in a quiescent niche) but also instruct commitment toward the myeloid lineage (presumably in an instructive/proliferative niche). The cartoon describes how monocyte production is controlled in steady state (white inserts) and in response to inflammatory cues (orange insert), which can induce HSCs to proliferate and skew them to the myeloid lineage. Distinct mechanisms of monocyte mobilization from medullary and extramedullary tissue. The mobilization of monocytes from the bone marrow or spleen is a controlled process and is reviewed in detail elsewhere. 35 In order to leave the bone marrow, Ly-6C hi monocytes require the chemokine receptor CCR2, which recognizes MCP-1 and MCP-3, two chemokines produced by medullary MSCs and CAR cells and secreted close to (and perhaps into) the lumen, and increase monocyte movement and intravasation. This process can be activated through sensing of bacterial products by TLRs expressed on MSCs and CAR cells. Panel A shows bone marrow sections illustrating emigration of monocytes in response to LPS, a process that depends on CCR2 signaling. Mobilization of monocytes from extramedullary sites such as the spleen, however, is independent of CCR2 and instead can be triggered by the peptide hormone angiotensin II (panel B). Whether accessory cells are involved in this process remains unknown. Increased concentrations of angiotensin II induce AGTR1A receptor dimerization on splenic monocytes, an event that increases monocyte motility and promotes intravasation (tracking of a departing monocyte shows time in min:sec). Images are reproduced from Refs 103 and 78. Expanding macrophage diversity in tissue. The cartoon illustrates three different origins of tissue macrophages (A) Selective accumulation of monocyte subsets committed with separate functions contributes different types of macrophages. For instance, CCR2-dependent recruitment of Ly-6C hi monocytes mediates tissue inflammation and proteolysis. This response is triggered upon intracellular pathogen infection or tissue damage. Ly-6C hi monocytes made both in medullary and extramedullary sites express CCR2 and response to MCP-1 for recruitment to tissues; however these cells might be equipped with divergent effector functions. Also, CX3CR1-dependent recruitment of Ly-6C lo monocytes may be associated with resolution of inflammation and mediation of tissue remodeling and healing. The recruited cells are also educated and polarized by their environment through cell-cell communication, sensing of soluble factors and interactions with extracellular matrix. (B) Local proliferation of tissue-resident macrophages. Some macrophages may proliferate at very low levels in steady-state conditions to maintain cell repertoires locally. Abnormal conditions, such as helminth infection and cardiovascular disease can induce potent macrophage proliferation in pleural cavity and atherosclerotic lesions, respectively. Such amplification can an occur in presence or absence of Ly-6C hi monocytes, and be promoted by locally produced factors including IL-4. (C) Maintenance of primitive macrophages. A lineage independent of HSCs is seeded during embryonic life and generates a repertoire of macrophages in various tissues, that is maintained after birth. These cells are often associated with epithelial structures, are thought to be unable to exit their tissue of residence, and may be poor antigen-presenting cells. These cells might serve in part as structural components that protect the tissue by sequestering foreign material and/or be involved in specific (non-immune) tissue functions. New targets in macrophage pathways? Drugs can attack cells at different developmental stages, from HSC to macrophage. The cartoon illustrates drugs that can interfere with macrophage differentiation survival and proliferation, monocyte recruitment to tissue, monocyte release from bone marrow or spleen, and production, amplification and release of bone marrow HSPCs.
